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Abstract 

Identifying the Roper A^(1440) and A^(1710) as the pentaquark octet and anti-decuplet, respec- 
tively, we analyze their main decay modes in the diquark picture. The ratio of the partial decay 
widths is largely consistent with the nearly ideal mixing of the Jaffe-Wilczek diquark model, which 
then allows to predict the width of the radiative decay of A^(1440), rio(A^ p'j) = l/4ri2(A^ 
nj) = 0.25 — 0.31 MeV. We then show that the three-body radiative decay of the pentaquark anti- 
decuplet is quite enhanced due to its mixing with the pentaquark octet. We find for the = 
pentaquark anti-decuplet r(B^ n'j) = 0.034 ~ 0.041 MeV. The diquark picture of the 

pentaquark predicts r(0"^ — > nj) = 4r(0+ p^). Finally we show that the difference in 

the O"*" mass in the K^p and K^n decay channels may be accounted for by the missing photons 
in the radiative decay. 
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Since the discovery of a narrow state of exotic baryons in the photon-nucleon scattering 
at LEPS [1] as predicted by chiral sohton models j^, several models have been proposed 
for exotic baryons P]. However, in spite of the active theoretical study on exotic baryons, 
the current experimental situation of pentaquarks ^ is quite confusing, as some of the 
subsequent experiments have not seen them. 

In this letter, we analyze the decay modes of A^(1440) and A^(1710) to show that they 
are consistent with the Jaffe-Wilczek (JW) diquark model P]. We then point out that the 
three-body radiative decay of the pentaquark anti-decuplet can be quite enhanced due to 
the near degeneracy between the octet and the anti-decuplet and also the diquark nature 
of pentaquarks. Since the radiative decay amplitude is proportional to the electric charge 
of the anti-quark bound in the pentaquark, the diquark model predicts r(G^ — > wf) = 
4r(0+ K^P'-f), which will be a clear signal for the diquark models. 

In the JW model, the exotic baryons are bound states of two scalar diquarks and one anti- 
quark, forming the multiplets of low dimensions, 10 and 8, of the SU(3) flavor symmetry. The 
degeneracy of 10 and 8 is lifted by a nearly ideal mixing between them. It was soon confirmed 
by NA49 experiments Q], which discovered S = —2 pentaquarks of mass 1860 MeV, not 
much different from the JW prediction. The decay widths of pentaquarks are also explicitly 
calculated in the diquark effective theory based on the JW model to find they are naturally 
small, a few MeV or less, since they decay through tunnelling the potential barrier between 
two diquarks 

In the JW model, the lightest member of the pentaquark octet is identified, after mixing, 
as the Roper state A^(1440). Its orthogonal state in the anti-decuplet is identified as A^(1710). 
Though the assignment fits well in the mass formula, it is argued in j^, that such an 
identification leads to a gross violation of SU(3) in partial decay widths, unseen in other 
hadronic decays. However, we show that the partial decay widths of A^(1440) and A^(1710) 
are consistent with the JW model, because the gross violation is due to the fact that the 
exotic baryons decay by tunnelin g, w hose amplitude depends exponentially on the SU(3) 
violating terms. Another concern [10| was that the decay branching fraction for A(1600) — >■ 



A^(1440) TT is not suppressed at all, Ti/T = 10 — 25% [ll|. But, since the exotic baryon 
production is suppressed not by tunneling but only by the production amplitude of diquarks, 
whose strength is nothing but the Yukawa coupling of the diquark to two quarks, g ~ 1.7 3|) 
the observed branching ratio does not necessarily contradict with the diquark picture. 
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Finally, we show that a three-body radiative decay is quite enhanced and contributes 
significantly to the decay of the pentaquark anti-decuplet. In the JW model, due to the 
mixing, the di quarks inside the octet are closer to each other than in the anti-decuplet, 
making tunnelling easier for the octet. Furthermore, since the octet and the anti-decuplet 
are almost degenerate, the virtual octet in the three-body decay of the anti-decuplet is near 
on-shell and makes the three-body decay more efficient. 

In the ideal mixing, the quark content of the S = component of the pentaquark octet 
is J\fi = \q, (fud, Vud)) where q is the light anti-quark and ipud is the diquark made of u and 
c?, while the S* = component of the pentaquark anti-decuplet is A/2 = \s,ipqs,ipud) , where 
the >^qs diquark is made of the light quark q and the strange quark, s. 

The dominant decay modes of Mi and N'2 are shown in the diquark picture in Fig. ^ 
From the viewpoint of the chiral perturbation theory, the processes shown in Fig. ^ (a) 



FIG. 1: The dominant decay modes of excited nucleons: (a) A/i Ntt (b) J\f2 AK. The 
breaking of diquark occurs through tunneling. 

and (b) should not differ by more than 30%, the typical size of SU(3) breaking terms. 
However, the experimental data differs by an order of magnitude, if A/i and A/2 are iden- 
tified as A^(1440) and A^(1710), respectively: F^ (A^(1440) ^ A^vr) = 210 - 245 MeV and 
Ffe (A^(1710) A K) = 5 — 25 MeV. This may seem to contradict with the diquark picture. 
But, a gross difference in the decay widths of two processes is expected, since the SU(3) 
violating terms appear in the exponent of the tunneling amplitude in the diquark picture. 
The decay widths are given respectively as 
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where the outgoing meson momenta are |fci| = 396 MeV and = 268 MeV, respectively. 
From the partial widths by the Particle Data Group (PDG), we get q-kNMi = i (0-3 ~ 0.33) 
and gKm2 = ± (0-10 ~ 0.23). 

The amplitude for exotic baryons to decay into normal baryons is quite suppressed due 
to the tunneling barrier for the diquarks [Tj. Therefore, the couplings in the decay of Afi 
and A/2 have to be proportional to their tunneling amplitudes. The WKB approximation for 
the tunneling amplitude for A/i gives e^'^"*--^^-' ~ e"^^*"" = 0.26, where the potential barrier 
is approximately the binding energy of quarks in the scalar diquark, AE ~ 270 MeV, and 
To ~ (201 MeV)^^ is the average distance between two diquarks of A/i in P-wave. The 
distance is estimated from the mass formula for the naive diquark model 

Mm, =2Mud + mg + jT^, (3) 

where Mud — 450 MeV is the diquark ipud mass and rriq = 360 MeV is the constituent 
mass of light quarks. Similarly, the average distance between two diquarks ipqs and ipud 
of A/2 in P-wave is estimated to be ri ^ (145 MeV)~^ and the A/2 tunneling amplitude 
g-5o(A/'2) _ Q_x6. Indeed, we find that the ratio of the tunneling amplitudes is close to the 
ratio of the couplings, 

-5o(M) 



~ 1 7 

p-SoCM) - ' 



9KAJ\f2 



-1.3-3.3 (4) 



It seems that most partial decay modes of A^(1710) are largely consistent with the JW 
model. However, one of the dominant decay modes, A^(1710) Nit, does not fit in the 
JW model. The decay width is given in the chiral perturbation theory as r(A^(1710) — *• 
Ntt) = gljyj^^74:22 MeV, where g-nN^'z is the coupling of A/2 to vriV. In the ideal mixing, 
A/2 = \s,ipsq-,'^ud) does not decay into A^vr at the leading order 0, However, the decay 
width is estimated to be 10 — 20 MeV by PDG. This can be resolved if the mixing between 
the anti-decuplet and the octet is not exactly ideal but nearly ideal [10| ; 6 = cos 
Then A/2 — |s, ifsq^ ^ud) + 5 V^ud, ^ud) and the partial decay width becomes 

r(A^(1710) ^ N-n) ^ 5^T{N{UA0) Nn), (5) 

which gives S = ± Ig-wNNzl 9-kNNi \ ~ ±0.26 or the mixing angle 6 ^ 20°. 

We first examine the radiative decay of the Roper A^(1440). Assuming it is the mixed 
pentaquark A/i, we have drawn the diagram for the radiative decay in Fig. |21 (a), neglecting 



(a) 



(b) 



FIG. 2: The radiative decay of the Roper N(1440) 

the angle 6. The leading interaction for the radiative decay of the pentaquark octet in the 
chiral perturbation theory (Fig. [21 b) is given as 

c'ai^ = e,B4Q,0 + h.c. (6) 

where B is the normal baryon octet, is the photon field, and Qe is the electric charge 
matrix acting on the anti-quark bound in the pentaquark octet, O. The effective electric 
charge is proportional to the tunneling amplitude, e""^"*--^^-*, since the decay occurs by 
annihilation of a quark bound in a diquark after the other quark in the diquark tunnels to 
another diquark. 

For the radiative decay we get, after summing over the photon polarization, 

F (M ^ iV7) = g2_i ^ X [2Mj^,m^ - (Mm - m^f] = el Ql 156 MeV, (7) 

where Qe is the electric charge of the anti-quark in the pentaquark octet. Since the decay 
amplitude is proportional to the electric charge of the anti-quark we get at the leading order 

Comparing the decay processes TVi — > A^vr (Fig. 1. a) andTVi — > A^7 (Fig. 2. a), we obtain 
G*gA = GOnNMi^ where qa — 0.75 is the quark axial coupling in the quark model. Using 
the coupling obtained from the decay width for A^(1440) — A^vr, we get = 0.4 — 0.44 e. 
Then, the partial radiative decay width becomes F (A Ti — » py) = 0.25 ~ 0.31 MeV, which is 
about 2 times larger that the estimate made by PDG (l3l |. 

Finally, we consider the three-body radiative decay of pentaquarks. The diagram for 
0"*" KN and the dominant diagram for 0+ KN'y in the diquark effective theory 
are shown in Fig. El The same processes in the chiral perturbation theory are drawn in 
Fig. m The exotic baryons in the anti-decuplet are coupled to the octet exotics by the 
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(a) (b) 

FIG. 4: The decay processes of 0^ in chiral perturbation theory 

meson octet, as well as to the ground state baryon octet. The leading interaction terms for 
the decay of the pentaquark anti-decuplet and the pentaquark octet are given in the SU(3) 
limit as 

£(1) = CvbVi^ (/B + groVi^ (/O + Vob Tr (075 W B}) + Tob Tr (075 % 5]) + h.c. (8) 

where V and O are the anti-decuplet and octet pentaquarks, respectively, and = 
i/2{^'^d^^ — idfj,^'^) is the axial current of the meson octet, ^ = exp {iTTaTa/ f). (T^'s are 
the SU(3) generators.) 

The couplings C-pb,1^ob, ^ob are proportional to the axial coupling qa, the Yukawa 
coupling between the diquark and quarks, g, and the tunneling amplitude 6""^° The 
pentaquark octet will decay into the ground state baryon octet and other particles. But, 
only the radiative decay is allowed for the virtual octet in the three-body decay of the anti- 
decuplet pentaquarks because the allowed phase space is below the threshold of any hadronic 
decays for the intermediate pentaquark octet. 
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The differential cross-section for the three-body decay 0^ 
at tree-level as 



K N'y (Fig. H b) is given 



m 



K 



1287r= 



X F(|/c3|,cos6'^; Me+, M^i, mA?, m^^), (9) 



dj/csl d cos6'^ 

where mx and //^ ~ 114 MeV are the mass and the decay constant of kaons, respectively. 
The photon energy is \k^\ and 6^ is the angle between the kaon momentum and the photon 
momentum. The function F(|A;3|, cos^^ 'i^i) has a peak when two momenta are opposite. 
(See Fig. El) 





FIG. 5: In the left the differential decay width for 0"*" — > nj is drawn as a function of photon 
energy (in unit of m^) and cos 6*^. In the right, dr/(dcos0^) is drawn in 0.1 MeV as cos0^ varies. 



Integrating over the angle 9^, we get the radiative decay width of the pentaquark 6" 
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F (e+^K+n-f) = 4F (0+^irV7) - i_3g ^*^e+M^ J^k _ Q ^g^ _ o.041 MeV, (10) 

ZOOTT'^ Mq+ jf. 

where we use = 0.4 ~ 0.44 e and ge+j\fiK — '^^P^Qa = 2.12, the naive quark model value. 
In the SU(3) limit the 0^ coupling to the octet meson and the ground state baryon is related 
to the physical couplings of A^(1440) and A^(1710), which are mixed states of |lO) and |8) 
: C-pB = V^gnNMi sin 6* — H2 cos 9. Using the PDG values for the couplings (of the 

same sign) and 9 ^ 20°, we find \C-pb\ = 0.031 ~ 0.056. Since the two-body decay width 
of G"*" in the chiral perturbation theory jlfil. Il^ is given as F(0+ K N) = C|,^ 495 MeV, 
we get F(e+ ^ K+n) = F(e+ p) = 0.24 ~ 0.78 MeV. Therefore, our analysis 

shows that the three-body radiative decay contributes quite significantly to the decay of 
0+: 4.6 ~ 13.5% in the n channel and 1.2 ~ 3.8% in the p channel. The slight 
violation of the isospin symmetry in the decay of G"*" is expected in the diquark picture. 
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We note that the systematic difference (of about 12 MeV) in the measurement of the 
0+ mass between p and n, noted in 17[, may be due to the missing photons in the 
radiative decay, 0^ K*^ p'j In the p decay channel, the G"*" mass is reconstructed 
from the invariant mass, M^Op , of K° and p, while it is measured from the missing mass 
in the K~^n decay process. But, when there is a missing photon of momentum in the 
K'^ p decay channel of B"*", the invariant mass is given in the rest frame of G"^ as M'^Op = 
Mq+ — 2 Mq+ \ks\. The probability of finding the photon of energy in |A;3| ~ |A;3| + dl^sl in 
the K'^ p channel is 

J- tot Y d|A;3| J 

where Ftot = r(0+ — * p) + r(0+ — > p^) and dFsbody is the differential three-body 
radiative decay width in Eq. 0, after integrating over 9^. Averaging over the photon energy 
distribution, we get 

Mlop = Ml^ - 0.26 Me+ (12) 

J- tot 

Therefore, we find M^^Op ~ 1530-1528 MeV for Me+ = 1540 MeV if Tsbody ^ 0.15-0.19 Ttot, 
which is about 5 — 7 times larger than our estimate on the radiative decay width. The mass 
difference is due to missing photons, if the coupling ge+f^^x is about 3 times bigger than the 
naive quark model value or C-pB is about 1/3 of our estimate. 

In conclusion, we analyze the decay modes of the Roper A^(1440) and A^(1710) in the 
Jaffe-Wilczek diquark model, provided that they are the mixed states of the pentaquark 
octet and anti-decuplet. We find that the experimental data on the partial decay widths is 
consistent with the diquark model, as the phenomenological couplings for the decay modes 
are proportional to the tunneling amplitude of the diquark barrier. We then predict the 
radiative decay of A^(1440) to be rio(A^ ^ vi) = Tu{N n-f)/4 = 0.25 - 0.31 MeV. The 
ratio is the unique prediction of the pentaquark feature of A^(1440) in the diquark model. 

Finally, the three-body radiative decay of pentaquarks is shown to be quite enhanced 
in the Jaffe-Wilczek diquark model because of the near degeneracy of the pentaquark anti- 
decuplet and octet and the larger tunneling amplitude for the octet. From the experimental 
data on A^(1440) and A^(1710), we calculate the radiative decay width of G"*" in chiral 
perturbation theory to find about 0.04 MeV in nj channel and 0.01 MeV in py 
channel. It is also shown that the mass difference of G"*" in the K^p and K~^n decay channels 
may be accounted for by the missing photons in the radiative decay. 
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The three-body radiative decay is quite significant in the decay of 9"*", especially in the 
forward decay, since it has a peak when the outgoing kaon and nucleon are coUinear. Our 
analysis suggests that one should take into account the radiative decay in search of the 
pentaquark decay. 
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